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Electrical characteristics of the mammalian distal tubule:
Comparison of Ling-Gerard and macroelectrodes. Studies were
performed to 1) systematically compare Ling-Gerard micro-
electrodes and electrodes with large tips (3 to 5 z 0.D.) in the mea-
surement of the transepithelial potential difference (PD) in the mam-
malian distal tubule and 2) to examine the sign and magnitude of the
transepitheial PD along the length of the distal tubule. Recordings
made with the tips of both types of electrodes placed together in
the same tubule segment demonstrated no difference in transepi-
thelial PD. Rapid influx of tubular fluid into the macroelectrode,
however, was found to depolarize the tubular membrane, as
recorded by both types of electrodes simultaneously. Technical
critera were therefore established to prevent rapid influx of fluid
and efflux of potassium chloride, filling the electrode, in the use of
exploring electrodes with large tips. The sign of the transepithelial
PD in early distal tubule was found to be negative and averaged
—17.7 9.4 (mean SEM) in Sprague-Dawley rats and approxi-
mately —12 mV in Wistar-Munich rats. The site of puncture was
identified by dye transit time rate, microdissection, and cell mor-
phology. The transepithelial PD increased along the length of the
distal tubule and averaged —41.9 8.5 in the last portion accessi-
ble to examination.
Caractéristiques électriques du tube distal des mammifères:
Comparaison des electrodes Ling-Gerard et des macro-electrodes.
Des experiences ont été réalisées pour 1) faire une comparaison
systematique des electrodes Ling-Gerard et des electrodes a large
extrémité (diamètre extérieur, 3 a 5 ) pour la mesure du potentiel
trans-épithélial du tube distal et 2) etudier le signe et Ia valeur de Ia
difference de potentiel trans-épithélial de long du tube distal. Les
enregistrements obtenus alors que les deux types d'électrodes sont
placées ensemble dans le méme segment tubulaire ne montrent pas
de difference du potentiel trans-épithélial. L'entrée rapide de liq-
uide tubulaire dans la macro-electrode determine une dépolarisa-
tion de Ia membrane tubulaire qui est enrigistrée simultanément
par les deux types d'électrodes. Des critères techniques ont ainsi
eté définis pour empécher l'entrée rapide de liquide ou Ia sorti
rapide de KC1. Le signe de la difference de potentiel trans-épithé-
hal dans le tube distal precoce est négatif et la valeur moyenne
obtenue est —17,7 9,4 (moyenne et erreur type) chez les rats
Sprague-Dawley. Chez les Wistar-Munich elle est approximative-
ment de — l2mV. Le lieu de ponction a eté identiflé par le temps de
transit d'un colorant, la microdissection et la morphologie cehlu-
laire. La difference de potentiel trans-épithéliale augmente le long
du tube distal pour atteindre une valeur moyenne de —41,9 8,5
dans La dernière portion accessible de ce segment.
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Previous studies employing Ling-Gerard micro-
electrodes have indicated that the luminal potential
difference (PD) in the mammalian distal tubule is
negative and varies in magnitude along its length,
being lower in early portions than in late segments
[1, 21. These observations have recently been chal-
lenged, however, by the report of Barratt et al i31
that suggested that the use of Ling-Gerard microelec-
trodes introduces a significant artifact. Using elec-
trodes with a large tip diameter, between three and
five microns, they reported that the transepithelial
PD had a positive sign (+3.7 mY) in the early distal
tubule, in contrast to a reported value of —10 to 20
mY by Wright [1] and Malnic and Giebisch [21 using
Ling-Gerard electrodes. Moreover, Barratt et al also
measured an electrical asymmetry of —19.6 mY in
late segments with large-tipped electrodes, compared
to the previously recorded value of —35 to 45 mV [1,
2]. An explanation for the difference between values
when using the two different types of microelec-
trodes was not provided, although Barrett and asso-
ciates [31 felt it was not due to electrical shunting,
owing to damage at the site of puncture.
The magnitude of transepithelial potential differ-
ence in the distal tubule and the reliability of tech-
niques to measure electrical characteristics in that
nephron segment has important physiologic implica-
tions since electrolyte transport is governed, in part,
by electrical forces. In addition, since previous stud-
ies on ion permeability have employed electrophy-
siologic techniques in which Ling-Gerard microelec-
trodes served as the recording electrode, the
question of reliability assumes critical importance.
Studies were therefore performed 1) to systemati-
cally compare Ling-Gerard microelectrodes and
electrodes with large tips in the measurement of the
transepithelial PD in the mammalian distal tubule
and 2) to examine the sign and magnitude of the
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transepithelial PD along the length of the mammalian
distal tubule. In addition, experiments were conduct-
ed to determine the mechanism responsible for lower
PD values found by Barrett et al [3] when using
large microelectrodes, compared to conventional
techniques.
Methods
Studies were performed on male Sprague-Dawley
rats and male and female Wistar-Munich rats weigh-
ing between 120 and 250 g. All animals were fed
Purina chow and allowed tap water ad lib until the
time of acute experiments. After induction of anes-
thesia with Inactin® (Promonta, Hamburg, Ger-
many), 80 to 100 mg/kg ob body wt. a tracheostomy
was performed, and PE-50 polyethylene tubing was
inserted into one jugular vein for the infusion of i.v.
fluids. To replace surgical losses of fluid, 0.15M
sodium chloride was administered in a volume equal
to one percent of body weight. Animals were placed
on a heated table, and the body temperature was
maintained between 37° and 38°C. The left kidney
was gently immobilized, placed in a lucite cup and
1.5% agar, dissolved in Ringer's solution, was
poured around the kidney to provide immobilization.
Distal tubule segments were identified by the appear-
ance time of 5% F D & C green dye (Keystone
Aniline and Chemical Co.) injected i.v. in a volume
of 0.05 ml. The transit times to the earliest distal
tubule segments to fill with dye and dye transit to the
segment selected for puncture were recorded.
Transepithelial potential differences in distal tub-
ule segments were measured using macroelectrodes
with a tip diameter of 3 to 5 j (O.D.) and Ling-
Gerard microelectrodes with a tip diameter smaller
than 0.5 (O.D.). These were held in silver/silver
chloride electrodes and connected to a dual high
impedance electrometer (W-P Instruments, Inc.).
Recordings were displayed as tracings (Recorder
TMD-25 Series, Techni-Rite Electronics, Inc.) and
as a digital readout (Digitec Model 201, United Sys-
tems, Co.). The return lead to ground was made
through a silver/silver chloride electrode, which
made contact with Ringer's solution covering the
surface of the kidney through a Ringer's solution
agar bridge. The schematic representation of the
electrode, diffusion, and membrane potential during
measurements of transepithelial potential is shown
by the following:
Ag AgCI 3r Lumen Pernubular Ringer Ringer 3rr AgCl Ag
KCI Rd
luterstitiuna Bath Agar
Recording electrode Reference electrode
Macroelectrodes were constructed from sharp-
ened glass micropipettes and were filled with 3M
potassium chloride, colored with one percent F D &
C green dye to facilitate visualization of the solution.
To permit control of the hydrostatic pressure within
the macroelectrode, the silver/silver chloride elec-
trode was equipped with a side-arm connected to a
mercury manometer and a Landis-type regulator for
altering pressure. Tip PD was measured before and
after each impalement. Tip resistance was measured
before, during, and after each impalement.
Preliminary studies demonstrated that differences
in hydrostatic pressure of the solution in which the
tip of macroelectrodes was immersed resulted in
variations in the direction of flow across the elec-
trode tip and in measured electrode resistance. Dur-
ing efflux of 3M potassium chloride into bath solu-
tion, electrode resistance was approximately 0.1 X
I 06 ohms and tip PD was zero. Immediately follow-
ing puncture of a distal tubule segment and localiza-
tion of the electrode tip within the lumen, there was a
visually apparent flow of tubular fluid into the tip,
indicated by movement of the interface of colored
3M potassium chloride and clear tubular fluid along
the tapered portion of the electrode. As tubular fluid
filled the electrode tip, electrical resistance rose to
values greater than one 106 ohm and in most
instances exceeded values of five to ten 106 ohms.
Since changes in tip potential, streaming artifacts,
and the composition of fluid at the site of puncture
might have influenced potential difference measure-
ments, an effort was made to regulate the position of
the interface near the tip, without allowing efflux.
Hydrostatic pressure was therefore adjusted to main-
tain measured electrode resistance above the bath
value of 0.1 x 10 ohms, at a level of 0.3 to 0.4 x 10
ohms during the recording of in vivo transepithelial
potential difference. Control of the interface at a
fixed level within the tapered tip of the electrode was
introduced to prevent efflux of potassium chloride or
rapid influx of tubular fluid. Under this condition, it
seems unlikely that potassium chloride leaked from
the pipette into tubular fluid, causing hyperpolariza-
tion of the distal tubule membrane, because of sev-
eral considerations. Since the large tips of macro-
electrodes were easily visualized within the tubular
lumen and the filling solution was stained with F D &
C green dye, efflux of potassium chloride from the tip
of the electrodes was readily discernible by visual
inspection. Moreover, when potassium chloride was
purposely allowed to efflux from the electrode tip
and filled the segment in which the tip of the elec-
trode was placed, the transepithelial potential differ-
ence rose markedly by an average of 21.4 2.9 mY
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(means SEM). Last, slow regulated withdrawal of
tubular fluid into the electrode in a manner which
allowed measured resistance to rise from 0.3 to 1.0 X
106 ohms was not associated with a change in trans-
epithelial potential difference. In the event that slight
efflux occurred when the resistance was adjusted at
0.3 x 106 ohms, due to diffusion of potassium chlo-
ride across the interface and through the column of
tubular fluid in the electrode tip, movement of the
interface proximally would have been expected to
reduce the amount of potassium chloride efflux and,
correspondingly, the simultaneously measured poten-
tial difference.
Ling-Gerard microelectrodes were filled with un-
stained 3M potassium chloride. The tip PD and
resistance in the bath above the kidney were mea-
sured before and after each impalement and aver-
aged 3 to 8 mV and 10 to 30 x 106 ohms, respective-
ly. Tip localization was determined by the characteris-
tic changes in transepithelial potential difference
when potassium chloride was ejected from the macro-
electrode.
To compare macro and micro electrodes in the
estimation of transepithelial PD, electrodes of each
type were inserted into the lumen of the same distal
tubular segments, with the respective electrode tips
placed approximately one tubular diameter apart.
Eight Sprague-Dawley rats were used in this study.
The electrical asymmetries between the tips of the
macro and micro recording electrodes and the com-
mon reference electrode were recording si-
multaneously.
In this portion of the study, early and later por-
tions of the distal tubule were identified by the ratio
of dye transit to the tubular segment selected for
study to the dye transit to the earliest distal segments
to fill with dye, after i.v. injection. A ratio of less
than 1.5 was taken to identify the first one half of the
distal tubule, while a ratio of greater than 1.5 indicat-
ed that latter one half of the nephron segment [1].
In an additional 12 Sprague-Dawley rats, the trans-
epithelial electrical potential difference was deter-
mined in the distal tubule using macroelectrodes
alone. Early and later portions of the distal tubule
were identified by the ratio of dye transit, as in the
preceding group of experiments.
Transepithelial PD in distal tubule segments was
also measured in Wistar-Munich rats using macro-
electrodes. Localization of site of puncture was deter-
mined in two ways. In the first group of experiments,
employing five animals, the tubular segment was
filled with latex after the electrical recording. The
kidney was subsequently macerated with hydrochlo-
ric acid. Dissection of the latex casts and camera
lucida drawings of the entire distal tubule, taken at
the distance between the macula densa and first
branching, permitted identification of the puncture
site, which was expressed as a fraction of the total
length of the distal tubule.
In a second group of experiments, five animals
were used to correlate transepithelial PD with the
cell morphology at the site of puncture. Following
the electrical measurement, another micropipette
was inserted into the same puncture hole, and the
tubular segment was perfused with cold Karnovsky's
solution for approximately three minutes for fixation
of tubular cells [4, 51. Subsequently, latex was inject-
ed into the tubular segment through the same punc-
ture site. A map was drawn to identify the latex-fixed
tubules in which specific electrical recordings were
performed.
Following completion of the experiment, the entire
kidney was excised and plunged into cold Karnov-
sky's solution. Segments of cortex containing the
latex-filled tubules were dissected from the whole
kidney and placed first in fixative for at least two
hours and subsequently in phosphate buffer for 18 hr.
All tissue was postfixed in l'/4 collidine buffered
osmium tetroxide, dehydrated, and embedded in
Epon epoxy resin. One-micron sections, cut serially
with a LKB-Huxley microtome, were stained with
toluidine blue and examined individually until the
actual puncture site was identified (Fig. 1). Thin
Fig. 1. Photomicrograph of plastic-embedded one-micron
"thick" section stained with toluidine blue. The exact puncture site
at which the transepithelial PD of this tubule was measured can be
seen. Latex fills the tubule and extends out of the tubule through
the puncture site. After locating such a site, the next thin section
was examined by electron microscopy. Magnification, X 1500.
I
sections were then cut with an ultratome (LKB III)
and stained with uranyl acetate and lead citrate, prior
to examination with an electron microscope (Zeiss
EM lOB).
The site of puncture was considered to be in the
early part of the distal tubule if by ultrastructure 1)
there were no dark cells, 2) the cells had a well
developed basal labyrinth extending nearly to the
apex of the cell, and 3) elongate mitochondria were
intimately associated with the labyrinth in the basal
portion of the cell (Fig. 2). Puncture sites with these
characteristics were labeled ED. The puncture was
Fig. 3. Electron micrograph of a tubule at the puncture site. Latex
is present within the lumen. The epithelium in this instance has
characteristics of an initial collecting duct ("late" distal tubule). In
contrast to Figure 2, the basal labyrinth is less well developed, and
mitochondria are not in close association with the cell membranes.
The mitochondria are more ovoid in shape. The PD at this site was
—42 mV. Magnification, x12,000.
lar wall. As shown in Figure 4, influx of tubular fluid
into the electrode, indicated by the rapid increase in
tip resistance, was associated with a prompt and
marked fall in luminal negativity, recorded by both
macro and micro electrodes. This finding was repro-
ducible, and the magnitude of the change in transepi-
thelial PD appeared to correlate with the rate and
Fig. 2. Electron micrograph of a tubule at the puncture site. The
lumen is filled with latex. The epithelium has the characteristics of
"early" distal tubule. The well developed basal labyrinth is closely
associated with numerous elongated mitochondria. The PD at this > 0 F A
site was —5 mV. Magnification, x8000. ,
-20
—30
considered to be in the middle (transitional) or late
distal tubule (early collecting duct) if 1) dark cells
were present, 2) the basal labyrinth of light cells was
not well developed and was confined to basal por-
tions of the cells, and 3) ovoid mitochronidria were
located in the mid or apical portions of the cell and
were not in close association with the labyrinth (Fig.
3). Puncture sites with these characteristics were
labeled LD. The morphologic characteristics of cells
along the length of the distal tubule have been previ-
ously reported [6].
Results
It was evident that movement of tubular fluid into
the recording macroelectrode profoundly influenced
the measured electrical asymmetry across the tubu-
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Fig. 4. Simultaneous tracings of transepithelial potential dif-
ference in a distal tubule segment of a Sprague-Dawley rat. Tracing
A was measured with a Ling-Gerard recording microelectrode and
tracing B with a recording macroelectrode (tip, 3 j. O.D.). Re-
sistance measurements indicate resistance of the macroelectrode
when interface of 3M potassium chloride and tubular fluid was near
tip (0.3 x l0 ohms), during visually apparent influx of tubular fluid
into electrode (3.0 x 106 ohms), and during visually apparent efflux
of 3M potassium chloride into tubular lumen (0.1 x 106 ohms). The
time course of the measurement is shown. The ordinate has been
corrected for the tip potential of each recording electrode.
.
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extent of influx. The similarity in potential difference
measurements recorded by the two types of elec-
trodes is shown in Figure 5, in which the transepithe-
ha! potential difference of a distal tubular segment
was measured with a Ling-Gerard microelectrode
and, to emphasize the effect of tubular fluid efflux
and influx on potential difference, with a macroelec-
trode having a tip diameter of approximately 6 p.
A-B
10 sec
—20 11
Fig. 5. Simultaneous tracing of transepithelial potential difference
in distal tubule segment of a Sprague-Dawley rat. Tracing A was
measured with a Ling-Gerard recording microelectrode, and trac-
ing B with a recording macroelectrode (tip, 6 p. O.D.). The differ-
ence between recordings is shown by ticing in bottom panel (A-
B). The ordinate has been corrected for the tip potential of each
recording electrode.
Due to the large tip size, slight changes in hydrostatic
pressure within the macroelectrode resulted in highly
dynamic changes in the direction of flow through the
electrode tip, resulting in hyperpolarization during
efflux and depolarization during influx. In further
studies, it was shown that in segments with an initial
low negative PD value, the electrical sign in luminal
fluid usually reversed to positive polarity during
tubular fluid influx, as shown in Figure 6. The mean
potential difference of 12 punctures, under that con-
dition, was +6.7 0.9 mV (mean SEM).
In addition to measures taken to prevent rapid
influx of tubular fluid, it was important to prevent
+20
> 0
-20
—40 lOsec
0.1 X 0.3 X 23.0 X 0.1 X
106 ohms 106 ohms 106 ohms 106 ohms
efflux of fluid from the electrode tip and hyperpolari-
zation of the tubular membrane due to the high
concentration of potassium within the recording
electrode. As noted in the Methods section, efflux
did not occur when the interface of tubular fluid and
3M potassium chloride was withdrawn into the elec-
trode tip, such that electrode resistance rose to 0.3 to
0.4 x 106 ohms. On the other hand, if potassium
chloride was allowed to enter the lumen, as shown at
the end of the tracing in Figure 6, hyperpolarization
was seen (during resistance in tubule of 0.1 x 106
ohm). These data therefore demonstrate three impor-
tant findings: 1) that there was no difference between
PD values measured by each recording electrode, 2)
that variations in transepithelial PD were recorded
by both electrodes simultaneously, and 3) influx of
tubular fluid into the macroelectrode caused an
immediate decrease in potential difference.
It seemed unlikely that the change in the electrical
asymmetry between recording and reference elec-
trode was caused by an alteration in the liquid junc-
tion potential between tubular fluid and 3M potas-
sium chloride, within the bore of the macroelectrode,
since a simultaneous potential change was recorded
by the Ling-Gerard microelectrode. Moreover, such
potential changes were not observed during efflux or
influx of fluid when the electrode tip was placed in
Ringer's solution or a solution with the electrolyte
composition of distal tubule fluid, in vitro. Changes
in potential differences during influx were therefore
apparently caused by alterations in the transepitheli-
a! potential difference. To prevent depolarization of
the tubule wall during influx of fluid into electrode
with large tips, in subsequent experiments in which
luminal potential differences were measured with
>
0
>
0
Fig. 6. Recording of transepithelial potential difference in distal
tubule segment of Wistar-Munich rat, measured with a recording
macroelectrode (tip, 3 p. aD.). Resistance measurements indicate
resistance of electrode during sequence of bath (0.1 X 106 ohm).
when interface of 3M potassium chloride and tubular fluid was
near tip (0.3 x 10 ohm), during visually apparent influx of fluid
into electrode (23.0 >< 106 ohms) and during visually apparent
efflux of 3M potassium chloride into tubular lumen (0.1 X 106
ohm). Ordinate has been corrected for tip potential of recording
electrode. Transepithelial potential difference was —22 mV, when
tip resistance was 0.3 X 106 ohms, and +3 mY, when tip resistance
was 23 x l0 ohms.
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macroelectrodes in vivo, the hydrostatic pressure
within the macroelectrode was adjusted to maintain
the interface of the colored 3M potassium chloride
near the electrode tip.
The results of transepithelial PD measurements
made simultaneously with macroelectrodes and Ling-
Gerard microelectrodes, placed in the same tubular
segments, are shown in Table I. The potential
Table 1. Distal transepithelial electrical potential differences in
Sprague Dawley rats, measured simultaneously with
macroelectrodes and Ling-Gerard microelectrodes, compared
with values obtained when using macroelectrodes alonea
Segment Potential differences mV, lumen negative
ii4acroelecrrode and Ling-Gerard
Early (N = 12)
Late (N = 8)
—17.7 9.4
—28.0 10.5
--17.7 10.1
—-29.5 9.7
Macroe lectrode
alone
Eajly (N = 15)
Late (N = 23)
—18.0 8.5
—41.9 8.5
Values represent mean SEM. Numbers in parentheses indi-
cate the number of measurements in each tubule segment.
differences were corrected for any electrical asym-
metry or tip potential as measured in the bath solu-
tion before and after impalement. In these exper-
iments there was no statistical difference between
measurements performed with the two types of
recording electrodes in either early or late portions of
the distal tubule. In early segments, with a dye trans-
it ratio of less than 1 .5, the transepithelial PD was
—17.7 9.4 mV (mean SD) measured with the
macroelectrode, and —17.7 10.1, measured with
the Ling-Gerard electrodes, P = NS. Using the same
electrodes in segments with a dye transit ratio great-
er than 1.5, the PD values were —28.0 10.5 mV
and —29.5 9.7, respectively; P = NS.
Impalement of distal tubule segments with both
macro and micro recording electrodes may have
resulted in leaks, owing to tubular wall damage at the
puncture sites, and resulted in artificial reduction of
potential values. Moreover, it seemed likely that
distal sites nearer to mid-portions of the tubule might
have been examined in our effort to find segments
suitable for double impalements. Transepithelial PD
was therefore also measured with macroelectrodes
alone. The mean transepithelial PD in the early distal
tubule, transit time ratio less than 1.5, was —18.0
8.5 mV, while in late segments a value of —41.9
8.5 was found. It should be noted that in no instance
was a positive luminal value recorded when care was
taken to avoid the rapid influx of tubular fluid and
increase in electrode tip resistance to levels above 1
x 106 ohm.
In studies designated to correlate puncture site, as
determined from microdissected latex casts, with
transepithelial PD, a special effort was made to
examine early tubular segments. Although the initial
10 to 20% of distal tubule length are generally
beneath the surface and, therefore, inaccessible to
micropuncture, it was possible in Wistar-Munich rats
to determine transepithelial PD in six tubular seg-
ments in which the site of puncture was 20% or less
of the distal tubular length. The mean value of these
measurements, shown in Table 2, was —13.3 9.4
Table 2. Correlation of transepithelial potential difference (PD) in
Wistar-Munich rats with tubular site identified from latex casts and
transit time ratio
Tubulea PD, mV
Distal tubule length
by microdissection,b
%
Transit time
ratio
6a -20 ND 1.3
6b —32 ND 1.5
6c —40 80 1.6
6d —6 28 1.0
7a —9 19 1.2
7b —50 ND 1.8
8a —18 ND 1.0
8b —19 16 1.3
9a —6 ND 1.3
9b —30 8 1.5
9c —5 10 1.1
9d —10 ND 1.3
9e —10 20 1.3
lOa —7 10 1.1
lOb —32 ND 1.6
a The arabic number represents the experiment number, and the
letter indicates the puncture site.
b The symbol ND indicates that localization was not successful.
mV. There were no recordings of a positive luminal
potential difference.
Efforts to correlate transepithelial PD with sites
along the distal tubular using cellular morphology
were successful in 13 instances with positive identifi-
cation of the puncture site. As shown in Table 3, an
early tubular segment was punctured in eight record-
ings. The mean luminal PD was —11.6 8.9 mY in
segments characterized by early distal tubule cells
(ED) and —29.2 10.2 mY in later portions of the
distal tubule (LD). There were no positive luminal
PD values recorded in the absence of tubular fluid
influx.
Discussion
The present study demonstrates that the influx of
tubular fluid into macroelectrodes with large tips, of
the type employed by Barrett et al 113], has a pro-
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Table 3. Correlation of transepithelial potential difference (PD) in
Wistar-Munich rats with tubular site identified by cell morphotogy
and transit time ratio
Tubulea PD, my Cell type5
Transit time
ratio
la —39 LD 1.8
lb —26 LD 1.3
Ic —29 LD 1.5
2a —25 ED 1.2
2b —47 — 2.0
2c —3 ED 1.0
2d —38 LD 1.6
3a —4 ED 1.0
3b —25 ED 1.3
4a —14 LD 1.2
4b —7 ED 1.2
4c —10 ED 1.2
Sa —13 — 1.1
Sb —5 ED 1.0
Sc —14 ED 1.0
Sd —37 — 1.6
a The arabic number represents the experiment number, and the
letter indicates the puncture site.
Symbols ED indicates early distal tubule cell type, and LD
indicates cell type in late segment.
found effect on the measured transepithelial potential
difference. During influx of fluid, PD fell significant-
ly. Under this condition, positive luminal PD values
could be demonstrated in the early distal tubule. In
sharp contrast, a low negative PD was found in the
absence of influx. The rate and magnitude of the
change in PD appeared to correlate with the velocity
of influx and corresponded, in general, with simulta-
neous changes in macroelectrode resistance. These
studies do not disclose the way in which rapid influx
of tubular fluid alters PD, although our data suggest
that the change in electrical asymmetry occurs
across the tubule wall and is not related to altered
electrical characteristics of the macroelectrode itself.
In experiments in which tips of both Ling-Gerard and
macroelectrodes were placed within the lumen of the
same distal segment, influx of tubular fluid into the
large electrode caused a fall in PD that was recorded
simultaneously by both recording electrodes. More-
over, influx of Ringer's solution or artificial distal
tubular solution into macroelectrodes, in vitro, was
not associated with PD changes, although electrical
resistance in the macroelectrode rose, as in in vivo
studies. Since these experiments were primarily con-
cemed with identification of factors which might
influence the reliability of electrodes with large tips
in recording transepithelial potential difference, the
cause of distal tubule depolarization during rapid
influx of fluid into the electrodes was not pursued
further. It was not determined, therefore, whether
that change was caused by streaming potentials,
retrograde flow of collecting duct fluid, or perhaps
other factors. It should be mentioned, however, that
in subsequent experiments during which ion concen-
tration was rapidly changed in distal tubule, potential
difference fell by 5.60 0.95 mY (AYI1n C21C1) after
reducing the potassium concentration from 39 mEq/
liter to 4, and by 1.52 0.39 mV when sodium
concentration was decreased from 62 mEq/liter to 2.
Since the spontaneous influx of tubular fluid into
electrodes with large tips, owing to high hydrostatic
pressure in the distal tubule, resulted in altered and
unpredictable PD measurements, the interface
between 3M potassium chloride and tubular fluid
was controlled to maintain the meniscus of 3M
potassium chloride near the electrode tip, without
allowing efflux. Using this technical modification,
two questions were explored. Do transepithelial PD
values in the distal tubule tend to be higher when
recorded with Ling-Gerard microelectrodes, com-
pared to macroelectrodes, and does the PD in the
earliest distal segment, accessible to micropuncture,
have a positive sign? In the present study there was
no difference in either early or late segments
between PD values measured simultaneously with
both types of microelectrodes. These data, there-
fore, fail to confirm the report that higher luminal PD
values tend to be recorded with Ling-Gerard micro-
electrode. It is important to mention that in the report
[3] which indicated a difference between Ling-Ger-
ard electrodes and electrodes with large tips, punc-
tures were not made in the same nephron segment,
and there was no evidence that comparable sites
along the nephron were chosen for analysis, by the
two techniques used singly. Moreover, and perhaps
more important, tubular fluid was allowed to flow at
an undetermined rate and for an unspecified interval
into electrodes with large tips before PD recordings
were made.
After establishing the conditions required to mea-
sure transepithelial PD with macroelectrodes under
in vivo conditions, the question of electrical polarity
in the early distal tubule was explored by three
experimental approaches, employing electrodes with
large tips. In the first group of experiments, the site
of puncture was identified in Sprague-Dawley rats by
dye transit time, since previous work has shown a
correlation between this parameter and distal tubule
length [1]. The mean value of early distal (first half of
distal tubule length) transepithelial potential differ-
ence was —18.0 8.5 mY, agreeing well with pre-
vious transepithelial potential differences in early
distal tubule reported by Malnic and Giebisch [2],
—19.3 1.O8mY,andbyWright[l], —9to —l2mV,
using conventional Ling-Gerard microelectrodes. In
the last distal tubule (second half of the distal tubule),
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the transepithelial potential difference was —41.9
8.5, a value which also agreed favorably with previ-
ously reported values of —46.9 1.62 mV [21 and
approximately —45 mV [1] in studies using similar
techniques for puncture site localization. In contrast,
using electrodes with large tips to measure PD in the
early distal tubule of Sprague-Dawley rats, Barratt et
a! [31 reported positive values ranging from +4.5 to
+ 11.0 mV in four tubules and six negative values
ranging from —1.5 to —7.0 mY. In the present study,
a positive luminal polarity in the early distal tubule
was never observed in the absence of tubular fluid
influx into the recording electrode.
In subsequent experiments designed to examine
the transepithelial potential difference in the earliest
portion of the distal tubule, macroelectrodes were
employed as the recording electrode in studies per-
formed on Wistar-Munich rats. This strain had been
examined most extensively in the previous experi-
ments in which a positive lumen PD had been report-
ed. It seemed possible that earlier portions of the
distal tubule might be accessible to micropuncture
analysis in that strain. Furthermore, since dye transit
time and selection of first or second surface loops of
distal tubule fail to provide a precise identification of
puncture site, PD measurements were correlated
with cell morphology at the puncture site, and the
site of puncture was localized by microdissection.
Our finding that the transepithelial potential differ-
ence in Wistar-Munich rats is approximately —13
mV in the earliest distal tubule site, accessible to
micropuncture, agrees favorably with Wright's
observations [1] made in Long-Evans rats. A posi-
tive polarity of the luminal potential difference was
not observed in individual tubular segments in either
the present study, in which macroelectrodes were
used, or in that of Wright, in which recordings were
made with Ling-Gerard microelectrodes. It seems
unlikely, therefore, that the electrical characteristics
of the mammalian distal tubule differ among various
strains of rats.
The present study confirms the findings of Malnic
and Giebisch [21 and of Wright [1] in demonstrating
a negative luminal PD along the entire length of the
accessible distal tubule and a variation in the magni-
tude of the PD. In addition, observations on the
changing magnitude of PD were extended in the
present experiments by showing that the low trans-
epithelial potential difference in the early distal tubule
correlates with a cell type considered to be charac-
teristic of that segment. It should be noted that by
morphologic criteria, cells in the early distal tubule
are not identical to cells found in the thick ascending
limb and macula densa [61. It is not possible, there-
fore, to determine the polarity of the transepithelial
potential difference in the ascending limb, by micro-
puncture techniques in viva. The late distal tubule, in
contrast, lined by cells with morphologic features
transitional between early distal and collecting duct
or with features of collecting duct cells, exhibits an
increased electrical asymmetry across the tubular
wall.
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